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Abstract

:

The development of clay adsorption materials with high Cr(III) removal capacities requires an understanding of the adsorption mechanism at the atomic level. Herein, the mechanisms for the adsorption of Cr(OH)2+, Cr(OH)2+, and Cr(OH)3 on the (001) and (010) surfaces of illite were studied by analyzing the adsorption energies, adsorption configurations, charges, and state densities using density functional theory (DFT). The adsorption energies on the illite (010) and (001) surfaces decrease in the order: Cr(OH)2+ > Cr(OH)2+ > Cr(OH)3. In addition, the energies associated with adsorption on the (010) surface are greater than those on the (001) surface. Further, the hydrolysates are highly active and can provide adsorption sites for desorption agents. The silica (Si–O) ring on the illite (001) surface can capture Cr(OH)n(3−n)+ (n = 1–3). In addition, both Cr(OH)2+ and Cr(OH)2+ form one covalent bond between Cr and surface OS1 (Cr–OS1), whereas the hydroxyl groups of Cr(OH)3 form three hydrogen bonds with surface oxygens. However, increasing the number of hydroxyl groups in Cr(OH)n(3−n)+ weakens both the covalent and electrostatic interactions between the adsorbate and the (001) surface. In contrast, the Cr in all hydrolysates can form two covalent Cr–OSn (n = 1–2) bonds to the oxygens on the illite (010) surface, in which Cr s and O p orbitals contribute to the bonding process. However, covalent interactions between the cation and the (010) surface are weakened as the number of hydroxyl groups in Cr(OH)n(3−n)+ increases. These results suggest that the illite interlayer can be stripped to expose Si–O rings, thereby increasing the number of adsorption sites. Furthermore, regulating the generated Cr(III) hydrolysate can increase or weaken adsorption on the illite surface. Based on these findings, conditions can be determined for improving the adsorption capacities and optimizing the regeneration performance of clay mineral materials.
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1. Introduction


Chromium pollution mainly originates from the production of products such as leather, wood preservatives, paints, and oils, as well as from processes such as electroplating, metal processing, printing, dyeing, and steel processing [1,2]. In the environment, chromium pollution is mainly found in the form of Cr(III) or Cr(VI). Although Cr(VI) is more toxic than Cr(III), when the amount of Cr(III) in red blood cells exceeds a critical threshold it can become toxic and harmful to humans [3]. Furthermore, Cr(III) can be oxidized to form the more-toxic Cr(VI), resulting in increased toxicity. Therefore, developing efficient methods for Cr(III) removal is necessary. As Cr(III) in aqueous solution exists in different chemical forms, with Cr(OH)2+, Cr(OH)2+, and Cr(OH)3 as its main hydrolysates, understanding how to effectively remove these hydrolysates is also very important.



Adsorption methods can effectively remove chromium from water, and most studies have focused on the development of new adsorption materials [4,5,6]. Clay minerals have been widely adopted as adsorption materials owing to their low costs, availabilities, large specific surface areas, and strong ion exchange capacities [7,8]. Montmorillonite, kaolinite, and illite, among others, are common clay minerals in the Earth’s crust. A removal rate of up to 80.7% for Cu2+ from water using montmorillonite as an adsorption material has been achieved under optimized experimental conditions [9]. Furthermore, montmorillonite or kaolinite can be modified to greatly improve their adsorption capacities for heavy metals [10]. However, an understanding of the interactions between the adsorbent and the mineral surface at the atomic level is necessary to effectively modify the surface of a clay mineral.



In recent years, density functional theory (DFT) has been applied to various systems to obtain atomic-level insight and to reveal the microscopic mechanisms of adsorption processes [11]. Wang [12] studied the adsorption of Pb2+ on the kaolinite (001) surface using DFT, which revealed that the covalent bond between Pb and surface O has strong ionization characteristics. Peng [13] used DFT to study the adsorption of CaOH+ on the montmorillonite (010) and (001) surfaces; their results showed that CaOH+ can easily obtain protons from the (010) surface to form water molecules and that the interaction of the cation with the (010) surface is stronger than that with the (001) surface. Min [14] studied the adsorption of Al(III) hydrolysates on kaolinite surfaces using DFT, and found that the adsorption energies on the (010) surface decrease in the order: Al(OH)3 > Al(OH)2+ > Al(OH)4−. Such insight, obtained from DFT studies on the microscopic mechanisms of ion adsorption on the mineral surface, can provide a basis for mineral interface regulation. However, most studies have focused on montmorillonite and kaolinite, whereas illite has received considerably less attention. In illite, Al substitution for Si in the siloxane tetrahedra increases the activity of the Si–O rings and hydroxyl groups. However, the effects of these changes on the adsorption properties of illite are not well understood at the atomic level. To advance the development of illite adsorption materials, this study investigated the adsorption of Cr(OH)2+, Cr(OH)2+, and Cr(OH)3 on the illite (001) and (010) surfaces using DFT. Adsorption configuration, charge, and state density were analyzed to reveal the adsorption mechanism, thereby providing a theoretical basis for the development of effective adsorption materials.




2. Computational Details


2.1. Model Construction


The initial cell configuration was derived from the illite cells constructed by Drits [15], with K ions mainly used in the interlayer to balance the cell charge. The initial crystal cell was constructed into a 2 × 1 × 1 supercrystal cell. Then, Si atoms in the Si–O tetrahedra were replaced with Al atoms to afford the K0.5Al2(Si4Al0.5)O10(OH)2 chemical formula for the crystal cell. This conforms with the required lattice replacement ratio of illite. To study the microscopic adsorption mechanism of Cr(OH)n(3−n)+ (n = 1–3) on different illite faces, the illite surface model was cut from the lattice body phase along the (001) surface or the (010) surface, and a 15 Å-thick vacuum layer was introduced in the direction normal to the surface of interest. All of the abovementioned models were completed using Materials Studio 2017 software.



Figure 1 shows the surface models of illite. One Si in the Si–O ring is replaced with Al, and the compensating ion (K+) is adsorbed above the Si–O ring on the (001) surface (Figure 1a). Si atoms exposed on the (010) surface coordinate with OH to form ≡Si–OH, and Al atoms coordinate with OH to form ≡Al–OH or ≡Al–(OH)(OH2) (Figure 1b) [16]. The Al atom was chosen to coordinate with OH to form ≡Al–OH on the (010) surface in the model. The illite (001) and (010) surface models were constructed with 82 and 94 atoms, respectively.




2.2. Calculation Method


The DFT-based CASTEP module [17,18] in Materials Studio 2017 was used to optimize the structure of the illite supercell, and the generalized gradient approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) exchange correlation function was applied in the optimizations [19]. The DFT-D2 dispersion correction method of Grimme was used to calculate DFT energies [20]. The plane-wave cutoff energy was 400 eV, and the atomic positions were optimized using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm until the displacement, force, and total energy converged to less than 1 × 10−3 Å, 3 × 10−2 eV/Å, and 1 × 10−5 eV/atom, respectively. Brillouin zone [21] integrations with (3 × 2 × 1) k-point grids were carried out on the illite supercell. The optimized parameters of the illite supercell (2 × 1 × 1) are a = 10.42 Å, b = 8.99 Å, c = 10.15 Å, α = 89.95°, β = 102.33°, and γ = 89.97°, which are very similar to the experimental values (a = 10.40 Å, b = 8.95 Å, c = 10.18 Å, α = 90.00°, β = 101.68°, and γ = 90.00°) [15]. The surface models were optimized using an exchange correlation function, cutoff energy, and convergence criteria consistent with the illite supercell. Considering the influence of calculation time and ion polarization, the k-point grids were limited to г, and spin polarization was incorporated into the calculations. Before being adsorbed on the illite surface, Cr(OH)2+, Cr(OH)2+, and Cr(OH)3 were optimized in a 15 × 15 × 15 Å3 cubic box using optimization standards consistent with those for the surface models. The valence electrons selected for the pseudopotential calculation of the atoms in the simulation were Si 3s23p2, Al 3s23p1, Cr 3d54s1, O 2s22p4, H 1s1, and K 4s1.




2.3. Calculation of Adsorption Energy


The strength of the Cr(OH)n(3−n)+ (n = 1–3) adsorption at each site on the surface was analyzed by calculating the adsorption energy. The adsorption energy on the illite surface can be calculated using the following formula:


   E  ads   = E  [  Cr    (  OH  )   n   (  3 − n  )  +   − illite  ]  − E  [  illite  ]  − E  [  Cr    (  OH  )   n   (  3 − n  )  +    ]   



(1)




where E[Cr(OH)n(3−n)+ − illite] represents the total energy of the adsorbed system, E[illite] is the energy of the illite surface model, E[Cr(OH)n(3−n)+] is the energy of Cr(OH)n(3−n)+, and Eads is the adsorption energy of Cr(OH)n(3−n)+ on the surface. A negative value indicates that the adsorption of Cr(OH)n(3−n)+ on the surface is an exothermic process, meaning that the reaction is spontaneous. Further, a larger Eads value corresponds to a more stable adsorption configuration. In contrast, a positive value corresponds to an endothermic process, indicating that adsorption is not spontaneous and the adsorption configuration is unstable.





3. Results and Discussion


3.1. Adsorption Geometries on the Illite (001) Surface


The DFT-simulated optimal adsorption configurations of Cr(OH)2+, Cr(OH)2+, and Cr(OH)3 on the illite (001) surface are shown in Figure 2, with the calculated energy characteristics and structural parameters listed in Table 1. The adsorption energies of Cr(OH)2+, Cr(OH)2+, and Cr(OH)3 on the illite (001) surface are −235.78, −128.36, and −78.89 kJ/mol, respectively. In contrast, the adsorption energies of water molecules on the illite (001) surface vary from −48 to 57.6 kJ/mol [22]. Therefore, we can infer that Cr(OH)n(3−n)+ displaces water molecules to adsorb preferentially on the (001) surface. The adsorption energy of Cr(OH)n(3−n)+ on the (001) surface decreases with an increasing number of hydroxyl groups. However, further analyses of the adsorption configurations are required to understand the origin of this change in adsorption energy.



The Cr···OSn (n = 2–6) atomic distances range from 3.054 to 4.381 Å in the I(001)–Cr(OH) configuration, and a 2.152 Å-long covalent bond with a Mulliken bond population of 0.04 formed between Cr and OS1, which is near the substituted Al atom. On the other hand, the Cr···OSn (n = 2–6) atomic distances range from 2.987 to 4.451 Å in the I(001)–Cr(OH)2 configuration, and a 2.185 Å-long covalent bond with a Mulliken bond population of 0.02 formed between Cr and OS1. Cr(OH)3 is adsorbed above the center of the Si–O ring through hydrogen bonds between Hn (n = 1–3) and OSn (n = 2, 4, 6) that are 1.829–1.996 Å long. The Cr···OSn (n = 1–6) atomic distances range from 3.597 to 4.049 Å for the I(001)–Cr(OH)3 configuration.



The Cr(OH)n(3−n)+ species are adsorbed above the Si–O ring on the (001) surface. The Cr in Cr(OH)2+ or Cr(OH)2+ forms a covalent bond with OS1 owing to the strong electrostatic potential energy above the Si–O ring, as Al substitution enhances the activity of the surrounding oxygen atoms [22,23,24,25]. Therefore, the Si–O ring captures such a cation to form a covalent Cr–OS1 bond. In contrast, the hydrogen bonds between the hydroxyl groups of Cr(OH)3 and surface oxygens increase the distance between Cr and the (001) surface. This hinders the formation of a covalent bond between Cr and OS1. The covalent Cr–OS1 bond becomes longer and its Mulliken bond populations decrease with an increasing number of hydroxyl groups in Cr(OH)n(3−n)+. This weakens the covalent interaction between the adsorbate and the surface.




3.2. Adsorption Geometries on the Illite (010) Surface


The DFT-simulated optimal adsorption configurations of Cr(OH)2+, Cr(OH)2+, and Cr(OH)3 on the illite (010) surface are shown in Figure 3, with calculated energy characteristics and structural parameters listed in Table 2. The adsorption energies for water molecules on the (010) surface of the clay mineral are 30.7–82.6 kJ/mol [26], whereas those of Cr(OH)2+, Cr(OH)2+, and Cr(OH)3 are −348.18, −282.20, and −206.63 kJ/mol, respectively. This indicates that the hydrolyzed products can displace water molecules to adsorb preferentially on the (010) surface.



Cr and OSn (n = 1–2) form covalent bonds that are 2.050 and 2.064 Å long, respectively, in the I(010)–Cr(OH) configuration, with Mulliken bond populations of 0.18 and 0.13, respectively. Further, O1 and HSn (n = 1–2) form hydrogen bonds that are 1.615 Å and 1.975 Å long, respectively. On the other hand, Cr and OSn (n = 1–2) form covalent bonds with lengths 2.053 and 2.111 Å, respectively, in the I(010)–Cr(OH)2 configuration, with Mulliken bond populations of 0.14 and 0.07, respectively. In addition, a 1.5965 Å-long hydrogen bond is formed between O1 and HS1. On the other hand, Cr and OSn (n = 1–2) form covalent bonds that are 2.088 and 2.157 Å long, respectively, in the I(010)–Cr(OH)3 configuration, with Mulliken bond populations of 0.09 and 0.04, respectively. In addition, O1 and HSn (n = 1–2) form hydrogen bonds of lengths 1.638 and 1.810 Å, respectively.



Thus, Cr(OH)n(3−n)+ (n = 1–3) adsorbed on the (010) surface forms a chelate complex, with covalent bonds between Cr and ≡AlIV–O in the SiO4 tetrahedral layer and ≡AlVIII–O in the AlO6 octahedral layer. Cr interacts preferentially with ≡AlIV–O and ≡AlVIII–O, as their pKa values are higher than those of the other hydroxyl groups [27]. The Cr–OSn (n = 1–2) bonds lengthen and their Mulliken bond populations decrease with an increasing number of hydroxyl groups in Cr(OH)n(3−n)+. This weakens the covalent bond and reduces the adsorption energy. The Cr–O bond lengths and O–Cr–O bond angles in Cr(OH)n(3−n)+ are different following adsorption on the (001) or (010) surface (Table 1 and Table 2). This indicates that the adsorbates exhibit some activity.




3.3. Charge Analysis


The Si–O ring on the illite (001) surface, which has a low electrostatic potential energy and is strongly electronegative, can trap cations. The charge distributions in the stable adsorption configurations of Cr(OH)n(3−n)+ on the (001) surface can be obtained by analyzing electron density differences. To ensure the feasibility and validity of the DFT method, initial configurations of Cr(OH)n(3−n)+ and uncharged illite surfaces were simulated [28,29,30]. Figure 4 shows the differences in electron density for Cr(OH)2+, Cr(OH)2+, and Cr(OH)3 adsorbed on the illite (001) surface. Electron density overlap between Cr and OS1 in the I(001)–Cr(OH), and I(001)–Cr(OH)2 configurations is observed. This is due to the existence of covalent bonds and is in accordance with the previous results. Both Cr and OSn (n = 2–6) show accumulation and loss of charge, indicative of an electron transfer between them. In addition, charge accumulation and loss between OS1 from Cr(OH)2+ and the equilibrium K ion are observed in the I(001)–Cr(OH)2 configuration, indicative of an electron transfer between Cr(OH)2+ and K. Electron transfer between Cr and OSn (n = 1–6) is observed in the I(001)–Cr(OH)3 configuration, but more electron transfers are observed between OSn (n = 2, 4, and 6) and Hn (n = 1–3) owing to the existence of hydrogen bonds.



To further analyze the charge distribution, the atomic populations/charges of Cr(OH)2+, Cr(OH)2+, and Cr(OH)3 before and after adsorption on the illite (001) surface and changes in the charges of the adsorbates and surfaces were determined, as summarized in Table 3. OSn loses 0.01e–0.06e through adsorption of Cr(OH)2+ on the (001) surface, whereas Cr(OH)2+ gains 0.09e from the surface. OSn loses 0.01e–0.06e and K gains 0.08e from the surface by the adsorption of Cr(OH)2+ on the (001) surface, while Cr(OH)2+ loses 0.03e to the surface, and the adsorption of Cr(OH)3 on the (001) surface results in OSn losing 0.01e–0.02e and Cr(OH)3 gaining 0.01e from the surface. Thus, the degree of electron transfer decreases with an increasing number of hydroxyl groups in Cr(OH)n(3−n)+, indicative of weakened electrostatic interactions between the adsorbates and the surface.




3.4. State Density Analysis


Heavy metal ions usually interact with the hydroxyl groups on the illite (010) surface through covalent bonds. To further clarify the bonding mechanism between Cr(OH)n(3−n)+ and the surface hydroxyl groups, we analyzed the partial densities of states (PDOSs) of the Cr(OH)n(3−n)+/illite geometries. Figure 5 shows the PDOSs of the Cr–OS1 bonds formed after Cr(OH)n(3−n)+ adsorption on the illite surfaces, where the Fermi energy is set to zero. Covalent interactions can be identified by PDOS intensities from different orbitals within the same energy range [31].



As shown in Figure 5a–c, Cr(OH)2+, Cr(OH)2+, and Cr(OH)3 adsorbed on the illite (010) surface show similar Cr–OS1 bonding PDOSs. The surface OS1 p and Cr s orbitals participate in bonding at −3 to −10 eV, with the OS1 p orbital dominating. The s orbital of Cr and the p orbital of OS1 also participate in antibonding in the 1 to 10 eV range. Cr–OS1 bond formation is favorable, as the bonding mode is greater than the antibonding mode. However, as shown in Figure 5d, the OS1 p and Cr s orbitals participate in bonding in the −1.5 to −8 eV range and antibonding in the 0.5 to 7.5 eV range when Cr(OH)2+ is adsorbed on the illite (001) surface; hence, weaker bonding modes and stronger antibonding modes are observed compared with Cr–OS1 bonding on the (010) surface. This result indicates that the covalent Cr–OS1 bond on the (001) surface is weaker than that on the (010) surface, which is consistent with the bond length and population results. The Cr s, d and O p orbitals exhibit peaks at the Fermi level, which indicates that the adsorbates are strongly active, which is consistent with the adsorption configuration analyses. Thus, adsorption sites are provided for the desorption agents, enabling them to interact with Cr(OH)n(3−n)+ and repelling them from the surface, thereby restoring the adsorption capacity of the surface.





4. Conclusions


To clarify the mechanism for the adsorption of Cr(III) hydrolysates on illite at the atomic level, we investigated the adsorptions of Cr(OH)n(3−n)+ (n = 1–3) on the illite (001) and (010) surfaces using DFT. The following conclusions are drawn based on adsorption configuration, charge, and PDOS analyses.



1. The adsorption energies of Cr(OH)n(3−n)+ (n = 1–3) on the (010) and (001) surfaces of illite decrease in the order Cr(OH)2+ > Cr(OH)2+ > Cr(OH)3, with adsorption energies on the (010) surface greater than those on the (001) surface. The hydrolysates are strongly active and can provide adsorption sites for desorption agents.



2. The Si–O ring on the (001) illite surface can capture Cr(OH)n(3−n)+, Cr(OH)2+, and Cr(OH)2 through the formation of one (Cr–OS1) covalent bond and three hydrogen bonds involving the hydroxyl groups of Cr(OH)3 and surface oxygens. However, the covalent and electrostatic interactions between the adsorbate and the (001) surface weaken with an increasing number of hydroxyl groups in Cr(OH)n(3−n)+.



3. Cr(OH)n(3−n)+ can form two covalent bonds on the illite (010) surface (Cr–OSn (n = 1–2)) to ≡AlIV–OS1 and ≡AlVIII–OS2, with the Cr s and O p orbitals contributing to this bonding process. These covalent interactions between the adsorbate and the (010) surface are weakened by increasing the number of hydroxyl groups in Cr(OH)n(3−n)+.



4. The results of this study suggest that the illite interlayer can be stripped to expose the silica rings, thereby increasing the number of adsorption sites. Furthermore, the generated Cr(III) hydrolysates can be regulated to increase or decrease adsorption on the illite surfaces. These findings provide potential strategies for improving the adsorption capacities and optimizing the regeneration performance of clay mineral materials.
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Figure 1. Structures of illite surfaces: (a) (001) surface and (b) (010) surface. 
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Figure 2. Stable configurations of Cr(OH)n(3−n)+ adsorbed on the illite (001) surface. 
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Figure 3. Stable configurations of Cr(OH)n(3−n)+ adsorbed on the illite (010) surface. 
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Figure 4. Electron density differences for Cr(OH)2+, Cr(OH)2+, and Cr(OH)3 adsorbed on the illite (001) surface. The blue and yellow areas indicate increases and decreases in electron density, respectively. The isovalue is 0.008 e/Å3. 
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Figure 5. Cr(OH)n(3−n)+ PDOSs of surface OS1 and Cr: (a) I(010)–Cr(OH), (b) I(010)–Cr(OH)2, (c) I(010)–Cr(OH)3, and (d) I(001)–Cr(OH). 
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Table 1. Calculated energy characteristics (kJ/mol) and structural parameters (Å) of Cr(OH)n(3−n)+ adsorbed on the illite (001) surface.
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	Mode
	OS1–Cr
	OSn···Cr
	OS···H
	Cr–OCr(OH)n
	Eads

(kJ/mol)





	I(001)–Cr(OH)
	2.152

[0.04]
	3.054–4.381,

n = 2–6
	-
	1.904 (1.792)
	−235.78



	I(001)–Cr(OH)2
	2.185

[0.02]
	2.987–4.451,

n = 2–6
	-
	1.834–1.9, 114.007

(1.759–1.757, 156.006)
	−128.36



	I(001)–Cr(OH)3
	-
	3.597–4.049,

n = 1–6
	1.829–1.996
	1.776–1.832, 117.551–121.617

(1.789–1.787, 119.304–120.719)
	−78.89







The Cr–OCr(OH)n column lists the Cr–O bond lengths (Å) and O–Cr–O bond angles (°) of adsorbed Cr(OH)n(3−n)+, with the corresponding configuration parameters of Cr(OH)n(3−n)+ before adsorption given in parentheses. The values in square brackets are Mulliken bond populations.
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Table 2. Calculated energy characteristics (kJ/mol) and structural parameters (Å) of Cr(OH)n(3−n)+ adsorbed on the illite (010) surface.






Table 2. Calculated energy characteristics (kJ/mol) and structural parameters (Å) of Cr(OH)n(3−n)+ adsorbed on the illite (010) surface.





	Mode
	OS1–Cr
	OS2–Cr
	O1···HS
	Cr–OCr(OH)n
	Eads

(kJ/mol)





	I(010)–Cr(OH)
	2.050

[0.18]
	2.064

[0.13]
	1.615–1.975
	1.904

(1.792)
	−348.18



	I(010)–Cr(OH)2
	2.053

[0.14]
	2.111

[0.07]
	1.596
	1.839–1.916, 98.771

(1.757–1.759, 156.006)
	−282.20



	I(010)–Cr(OH)3
	2.088

[0.09]
	2.157

[0.04]
	1.638–1.810
	1.850–1.942, 96.842–111.035

(1.789–1.787, 119.304–120.719)
	−206.63







The Cr–OCr(OH)n column lists the Cr–O bond lengths (Å) and O–Cr–O bond angles (°) of adsorbed Cr(OH)n(3−n)+, with the corresponding configuration parameters of Cr(OH)n(3−n)+ before adsorption given in parentheses. The values in square brackets are Mulliken bond populations.
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Table 3. Atomic populations/charges of Cr(OH)2+, Cr(OH)2+, and Cr(OH)3 before and after adsorption on the illite (001) surface, and changes in hydrolysate and surface charges.
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Model

	
Name

	
Before

	
After




	
s

	
p

	
d

	
Total

	
Charge/e

	
s

	
p

	
d

	
Total

	
Charge/e






	
I(001)-Cr(OH)

	
OS1

	
1.86

	
5.34

	
0

	
7.2

	
−1.2

	
1.85

	
5.29

	
0

	
7.14

	
−1.14




	
OS2

	
1.87

	
5.31

	
0

	
7.18

	
−1.18

	
1.87

	
5.29

	
0

	
7.16

	
−1.16




	
OS3

	
1.85

	
5.29

	
0

	
7.14

	
−1.14

	
1.85

	
5.28

	
0

	
7.13

	
−1.13




	
OS4

	
1.84

	
5.34

	
0

	
7.18

	
−1.18

	
1.84

	
5.33

	
0

	
7.17

	
−1.17




	
OS5

	
1.85

	
5.28

	
0

	
7.14

	
−1.14

	
1.85

	
5.27

	
0

	
7.13

	
−1.13




	
OS6

	
1.85

	
5.28

	
0

	
7.13

	
−1.13

	
1.85

	
5.27

	
0

	
7.12

	
−1.12




	
Cr

	
2.84

	
6.16

	
4.51

	
13.5

	
0.51

	
2.63

	
6.19

	
4.73

	
13.55

	
0.45




	
H

	
0.58

	
0

	
0

	
0.58

	
0.42

	
0.6

	
0

	
0

	
0.6

	
0.4




	
O

	
1.88

	
5.05

	
0

	
6.93

	
−0.93

	
1.88

	
5.06

	
0

	
6.94

	
−0.94




	

	
I(001)

	

	

	

	

	
0

	

	

	

	

	
+0.09




	

	
Cr(OH)2+

	

	

	

	

	
0

	

	

	

	

	
−0.09




	
I(001)-Cr(OH)2

	
K

	
1.97

	
5.88

	
0

	
7.85

	
1.15

	
2.05

	
5.88

	
0

	
7.93

	
1.07




	
OS1

	
1.86

	
5.34

	
0

	
7.2

	
−1.2

	
1.85

	
5.29

	
0

	
7.14

	
−1.14




	
OS2

	
1.87

	
5.31

	
0

	
7.18

	
−1.18

	
1.87

	
5.29

	
0

	
7.16

	
−1.16




	
OS3

	
1.85

	
5.29

	
0

	
7.14

	
−1.14

	
1.85

	
5.28

	
0

	
7.13

	
−1.13




	
OS4

	
1.84

	
5.34

	
0

	
7.18

	
−1.18

	
1.84

	
5.32

	
0

	
7.16

	
−1.16




	
OS5

	
1.85

	
5.28

	
0

	
7.14

	
−1.14

	
1.85

	
5.27

	
0

	
7.13

	
−1.13




	
OS6

	
1.85

	
5.28

	
0

	
7.13

	
−1.13

	
1.85

	
5.27

	
0

	
7.12

	
−1.12




	
Cr

	
2.49

	
6.12

	
4.51

	
13.12

	
0.88

	
2.42

	
6.14

	
4.48

	
13.04

	
0.96




	
H1

	
0.52

	
0

	
0

	
0.52

	
0.48

	
0.59

	
0

	
0

	
0.59

	
0.41




	
H2

	
0.52

	
0

	
0

	
0.52

	
0.48

	
0.59

	
0

	
0

	
0.59

	
0.41




	
O1

	
1.86

	
5.07

	
0

	
6.92

	
−0.92

	
1.88

	
5.02

	
0

	
6.9

	
−0.9




	
O2

	
1.85

	
5.07

	
0

	
6.92

	
−0.92

	
1.89

	
4.97

	
0

	
6.85

	
−0.85




	

	
I(001)

	

	

	

	

	
0

	

	

	

	

	
−0.03




	

	
Cr(OH)2+

	

	

	

	

	
0

	

	

	

	

	
0.03




	
I(001)-Cr(OH)3

	
OS1

	
1.86

	
5.34

	
0

	
7.2

	
−1.2

	
1.86

	
5.33

	
0

	
7.19

	
−1.19




	
OS2

	
1.87

	
5.31

	
0

	
7.18

	
−1.18

	
1.87

	
5.3

	
0

	
7.16

	
−1.16




	
OS3

	
1.85

	
5.29

	
0

	
7.14

	
−1.14

	
1.85

	
5.28

	
0

	
7.13

	
−1.13




	
OS4

	
1.84

	
5.34

	
0

	
7.18

	
−1.18

	
1.84

	
5.32

	
0

	
7.16

	
−1.16




	
OS5

	
1.85

	
5.28

	
0

	
7.14

	
−1.14

	
1.85

	
5.28

	
0

	
7.13

	
−1.13




	
OS6

	
1.85

	
5.28

	
0

	
7.13

	
−1.13

	
1.85

	
5.27

	
0

	
7.12

	
−1.12




	
Cr

	
2.27

	
6.09

	
4.38

	
12.74

	
1.26

	
2.29

	
6.19

	
4.39

	
12.87

	
0.99




	
H1

	
0.55

	
0

	
0

	
0.55

	
0.45

	
0.64

	
0

	
0

	
0.64

	
0.36




	
H2

	
0.55

	
0

	
0

	
0.55

	
0.45

	
0.59

	
0

	
0

	
0.59

	
0.36




	
H3

	
0.55

	
0

	
0

	
0.55

	
0.45

	
0.58

	
0

	
0

	
0.58

	
0.35




	
O1

	
1.88

	
4.99

	
0

	
6.87

	
−0.87

	
1.87

	
4.98

	
0

	
6.84

	
−0.73




	
O2

	
1.89

	
4.99

	
0

	
6.87

	
−0.87

	
1.86

	
4.94

	
0

	
6.81

	
−0.67




	
O3

	
1.88

	
4.99

	
0

	
6.87

	
−0.87

	
1.87

	
4.95

	
0

	
6.82

	
−0.67




	

	
I(001)

	

	

	

	

	
0

	

	

	

	

	
0.01




	

	
Cr(OH)3

	

	

	

	

	
0

	

	

	

	

	
−0.01
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